Phosphorus (P) in a water body is mainly controlled by the interaction between surface sediment and the overlying water column after the complete control of external pollution. Significant enhancement of P in a water body would cause eutrophication of lakes. Thus, a better understanding is needed of the occurrences of P between the sediment and water column in eutrophic lakes. Here, we measured total phosphorus (TP) and major elements (Fe, Al, Ca, Mn, Si) in the water column, and total nitrogen, organic matter, TP and major oxides (Fe 2 O 3 , Al 2 O 3 , CaO, SiO 2 ) in surface sediment of Chaohu Lake, a continuously eutrophic lake. The results showed that the rank of TP levels was western lake > eastern lake > southern lake. There were significantly positive correlations between TP (including water TP and sedimentary TP) and Fe, Al, Mn, while the correlation coefficients between water TP and sedimentary TP were À0.43, À0.41 and 0.18 for the western, eastern and southern lake respectively. The negative and significant correlations of water TP and sedimentary TP may indicate that the risk of sedimentary P release was great in the western and eastern lake during algae bloom sedimentation, while the southern lake showed weak P exchange between the sediment and water column.
INTRODUCTION
Eutrophication and algae bloom due to elevated phosphorus (P) levels are the main concerns for shallow lakes in the lower reaches of the Yangtze River (Dokulill et al. ) . The unit area of a shallow lake has an intense and frequent interface exchange for its large contact area ratio between sediment and overlying water, and high depth ratio between the euphotic layer and lake depth. Anthropogenic P could be introduced into lakes via the river discharges of industrial and agricultural sewages. Besides the external input of P into a lake water body, it has been shown that the stored P in sediment can be an important source to the overlying water column, intensifying the eutrophication of lakes (Søndergaard et al. ) . The sedimentation of organic matter (OM) can cause periodic oxygen depletion in sediments and release of P to the water column (Liu et al. ) . Seasonal pulses of P transfer from sediment to water column have been observed in highly eutrophic lakes (Kowalczewska-Madura et al. ) . The transfer directions of P at the water-sediment interface are affected by the characteristics of the sediment, environmental parameters (especially pH and Eh [oxidation-reduction potential]) and the P concentration in the overlying water column. Chuai et al. () confirmed that the total dissolved P concentrations were significantly negatively correlated to pH (p < 0.05) via an in situ experiment of P release from cyanobacterial decomposition. Specifically, Fe, Al oxides and hydrogen oxides are suggested to closely control the adsorption and release of P in lake sediments ( Jin et al. ) .
As an important drinking water source, research has paid more attention to the enrichment of nitrogen (N), P and heavy metals in Chaohu Lake (Tang et al. ) . Few studies have been conducted on the influences of minerals such as Fe-, Al-and Ca-oxides and hydroxides on P migration in the lake. Some scholars reported that sedimentary P may have a significant impact on overlying water even after the complete control of external point and non-point sources (Geurts et al. ) . The objectives of this study are to (1) investigate spatial and temporal variations of P, N and OM concentrations, and distribution of major oxides in surface sediment, (2) analyze the correlations between total phosphorus (TP) in the water column and Fe 2 O 3 , Al 2 O 3 , CaO, TP and OM in surface sediments, and (3) determine the direction and potential mobility of P across the sediment-water interface in Chaohu Lake during the algae bloom sedimentation.
MATERIALS AND METHODS

Study area
Chaohu Lake ( Figure 1 ) is situated in Anhui Province, China. It is the fourth largest freshwater lake in China with a surface area of 780 km 2 , a mean depth of 2.7 m and a catchment area of 13,000 km 2 (Tang et al. ) . It is surrounded by six counties and two cites (located at the northwestern and eastern margins of the lake, respectively). Chaohu Lake is currently semi-isolated from the Yangtze River by the Yuxi Floodgate built in 1965 to reduce water inflows from the Yangtze River (Shang & Shang ) . With the rapid economic development in the cities in recent decades, increasing amounts of uncontrolled domestic and industrial effluents have been drained into the rivers, and finally transported into Chaohu Lake. The lake has suffered from serious eutrophication in the last 30 years. Previous studies indicated that Chaohu Lake was polluted by both organic chemicals and nutrient elements (e.g., N and P). The average concentrations of N and P in the whole lake reached as high as 2.30 mg/L and 0.21 mg/L in the 1990s, respectively (Tu et al. ) . Nutrient loadings from non-point sources were believed to be the primary pollution in Chaohu Lake (Zhou & Gao ) . It has been suggested that as much as 74% of N and 68% of P originated from non-point sources (Yin & Zhang ) . In recent years, a series of measures have been taken by national and local government to reduce nutrient inputs to the lake (Shang & Shang ) . With the implementation of the Water Environment Prevention Plan in 1995, the total sewage discharges and total nutrient discharges have reduced significantly in Chaohu Lake District and the water quality of rivers into Chaohu Lake is obviously improved.
Sample collection and preparation
The sampling was carried out in October 2009. Thirty-five sample sites were positioned using the global positioning system (GPS), within the western lake (L1-L11, L14, L15), southern lake (L12, L13, L16-L21, L24, L25), and eastern lake (L22, L23, L26-L35). Surface water samples were collected by submerging acid-washed polyethylene bottles to approximately 50 cm beneath the water surface. Upon collection, the water samples were acidified to pH <2.0 by adding concentrated sulfuric acid. The water samples were then transferred to the laboratory in an icebox within 12 h, and kept at 4 W C until analysis. The procedures for water sample collection, preservation, preparation, and pretreatment followed the standard procedure described by Method of Analyzing and Monitoring the Water and Wastewater (Wei ). A total of 35 surface sediment samples (∼5 cm of depth) were collected with a stainless steel grab, and were stored frozen prior to laboratory processing. The sediment samples were air-dried to a constant weight, and then were ground using an agate mortar and pestle. The pulverized samples were finally sieved through a 120-mesh sieve.
Analytical methods
The concentrations of TP and total nitrogen (TN) were determined by the molybdenum blue method and ultraviolet spectrophotometry respectively, after digestion with K 2 S 2 O 8 þ NaOH (Aspila et al. ). OM concentration was determined by oxidizing organic carbon with K 2 Cr 2 O 7 in an acid environment with H 2 SO 4 and subsequent reading with a spectrophotometer (Li ) . Identification of mineral composition of surface sediment was performed by X-ray fluorescence spectrometer on powdered samples (Agix-pr02440). Concentrations of Al, Ca, Fe, Mn and Si were determined by inductively coupled plasma-optical emission spectrometry (optima 7000 ICP-OES spectrometer). 
Quality control
Quantification was performed using an internal calibration method based on six-point calibration curves with regression coefficient (R 2 ) value higher than 0.99 for TN, TP, OM and major elements. The instrument was checked daily with a standard solution. One laboratory blank and one group triplicate samples were analyzed along with each 20 field samples. Recoveries for TN, TP and major elements fell within the range of 90.1-105.4%. The relative standard deviation of TN, TP, OM and major elements was within 1.5%.
RESULTS AND DISCUSSION
Occurrence levels of biogenic elements
The temporal distributions of biogenic elements (TP, TN, OM) are shown in Figure 2 , and Table 1 summarizes their statistical results. The P and N increased from 1986-1995, reached a peak in 1995, and then declined in subsequent years ( Figure 2 ). However, according to the China Environment Bulletin of 2014, western Chaohu Lake is still in moderate eutrophication, and eastern Chaohu Lake is in light eutrophication. The mean concentrations of TP, TN and OM were 648.7 mg/kg, 1,282.7 mg/kg and 3.6%, respectively, in the surface sediment of Chaohu Lake in 2009, and the mean concentration of TP was 0.04 mg/L in the surface water. The mean concentrations of TN and OM were increased, whereas the TP decreased in sediment, and an obvious increase of TP was seen in the surface water in 2009 compared to 2013 (Kong et al. ) . The annual peak of algae bloom is from July to September in Chaohu Lake, the concentration changes of biogenic elements (TP, TN and OM) in the sediment denoted that algae bloom could cause enrichment of N, P and OM in sediment, moreover, the release of sedimentary P to overlying water. TP decrease in the sediment of Chaohu Lake may illustrate that the internal P release has been one of the main sources of eutrophication despite the external P input (Søndergaard et al. ) . The intensity and duration of internal loading may have a very significant impact on lake water P concentrations and subsequently on lake water quality (Søndergaard et al. ) . The concentrations of major elements (Al, Ca, Fe, Mn, Si) in the water column are summarized in Table 2 and Table 3 shows their correlations with TP in the lake. There were significant positive correlations between concentrations of TP (including water TP and sediment TP) and Fe, Al, Mn, indicating that the metals transported to this lake (especially the western lake) contributed, to some extent, to the migration of P (Qu et al. ). 
Spatial distribution of biogenic elements
Contour maps are used to describe the spatial distribution of biogenic elements (TP, TN, OM) in the whole lake ( Figure 3) . The highest OM concentrations in the western lake were mainly confined in the entrances, especially the Hangbu River entrance, and decreasing toward the western lake center, which may indicate that the OM mainly came from river discharges. The highest OM concentrations of the eastern lake were found in the southeast margin where the soil erosion potential was large (Zhou & Gao ) .
The concentrations of TN in Chaohu Lake sediment decreased in the order of western lake > eastern lake > southern lake. The highest TN concentration was seen in the Hangbu River entrance. Similar spatial distributions were observed for TP in sediment, except that the highest TP value was seen in the Nanfei River inflow. The TP concentrations in water samples were lower, compared with the values of serious algae bloom periods (Kong et al. ) . However, TP in the western lake was still higher than China Grade 3 (0.05 mg/L) of Surface Water Quality Standards (GB 3838-2002) . In general, TP in water showed a decreased gradient from west to east in Chaohu Lake.
The concentrations of major oxides are summarized in Table 4 . The major oxide concentrations ranged from 63.92-77.52% for SiO 2 , 9.29-15.25% for Al 2 O 3 , 2.64-8.64% for Fe 2 O 3 , and 0.63-2.92% for CaO. Boxplots (Figure 4 ) provide a quick, visual summary of the distributions of each oxide. The heavy black line inside each box marks the 50th percentile, or median, of that distribution while the lower and upper hinges, or box boundaries, mark the 25th and 75th percentiles of each distribution, respectively. Extreme values and outliers which are marked with an asterisk (*) and • were shown in the eastern lake for Fe 2 O 3 and CaO.
Correlation analysis
The lake water would be in the eutrophication status if P is largely released from the sediment under certain conditions (Frede & Peter ) . To discern the migration behavior of the P between the sediment and water, the correlation analysis of water P and major oxides in sediments was performed, as shown in Figure 5 . The correlation coefficients of water P and oxides (Fe 2 O 3 , Al 2 O 3 , CaO), TP and OM in the western lake sediment were À0.16, À0.35, À0.36, À0.43 and À0.31 respectively.
The negative and high correlations between water P and oxides (Al 2 O 3 , CaO), TP and OM showed the higher the P concentrations in sediment, the lower the P concentrations in water. This may indicate the increasing temperatures and biological activity stimulate the mineralization of OM, thereby releasing inorganic P to the overlying water during the summer. Geurts et al. () reported that the OM degradation could induce breakdown of Fe (III)-P complexes and hence P release from sediment. Iron and aluminum bound P (NaOH-P i ) and labile organic phosphorus (NaOH-P o ) accounted for the major part of TP in western Chaohu Lake sediment (Xu et al. ) . Under the anaerobic conditions of the water layer above the bottom of the western lake, the extremely low redox potential could promote the release of P accumulated on metal compounds, especially iron oxyhydroxides (Kleeberg et al. ) . Kong et al. () reported that the algae bloom can cause the obvious fluctuation of concentrations and proportions of Fe/Al-bound P and Ca-bound P in surface sediments, and finally decrease concentrations of water P. In addition, the P biogeochemical cycle is more active in shallow eutrophic lakes (Ruiz-Fernandez et al. ) . Thus, the internal P release might be the main water P source, and would lead to a net negative flux of P from water column to sediment during the summer in western Chaohu Lake.
The correlation coefficients between water P and oxides (Fe 2 O 3 , Al 2 O 3 , CaO), TP and OM in sediment of the eastern lake are À0.52, À0.1, 0.59, À0.41, 0.36, respectively ( Figure 5 ). Previous studies suggested that phosphate rock resource exploitation and agricultural production were the primary P sources in eastern Chaohu Lake (Xu et al. ) . The ratio of organic P to total P is found to be lower in sediments with industrial and urban pollution sources than those far away from local industries and cities (Zhang et al. ) . Significant positive correlations between water P and CaO and OM in sediment may indicate that exploitation of phosphate rock resources and soil erosion were the main water P source in eastern Chaohu Lake (Zhou & Gao ) . The negative and significant correlation between water P and Fe 2 O 3 and TP in sediment indicate that the P may have a net flux from sediment to overlying water in the eastern lake during the summer, and a domination of the process of P release over its accumulation occurs in the eastern lake. The southern lake is far away from the industrial and municipal wastewater inputs. This region of the lake is clean compared with the western and eastern regions, and algae bloom rarely occurs here. The correlation coefficients of total phosphorus in the surface water (TPW) and Fe 2 O 3 , Al 2 O 3 , CaO, total phosphorus in the sediment (TPS) and OM in the southern lake were 0.17, 0.17, 0.16, 0.18, 0.26 ( Figure 5) . Their low correlations indicate little exchange of P between water and sediment in the southern lake. This is consistent with the distribution of TP and OM in the southern lake.
Principal component analysis
The distribution patterns of biogenic elements and OM were analyzed by a principal component analysis (PCA). PCA is a multivariate statistical technique that can simplify large data sets and allow the reduction of the number of variables to a smaller set of orthogonal factors of easier interpretation by displaying the correlations existing among the original variables (Ashley & Baker ) . This analysis was performed with the SPSS17.0 statistical software package.
The loading plot of PCA for TPS, TPW, TN and OM is shown in Figure 6 . Component 1 (PC1, external inputs) can explain 43.96% of the total variance, with high loadings on TPS and TN. High loadings were observed at sampling locations L6, L7 and L8, suggesting a high pollution status for these sites. Since the pollution indices (TN and TP) had highest concentrations near the Nanfei River inflow, this result confirms that human and industrial effluent from Hefei city was the main pollution source in western Chaohu Lake. Component 2 (PC2, internal inputs) can explain 26.3% of the total variance. High loadings on OM in sediment and TPW were observed, inferring that the high concentration of P in surface water promoted the algae bloom, which in turn reduced the P levels in the overlying water. Most algae were salvaged out of the lake, while the remains moved toward the sediment. On the contrary, OM degradation in sediment would supplement the surface water P from Fe-P complexes by formation of Fe-S minerals in S-rich anaerobic conditions. From the distribution of sampling locations, high loadings of PCA were observed for stations L8, L15 and L31, which are all algae growth areas. Thus, one of the most important factors determining the P concentration in the water column was P release from sediment.
